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Abstract. We present an overview of computational techniques for simulating the thermal cookoff of high
explosives using a multi-physics hydrodynamics code, ALE3D. Recent improvements to the code have aided
our computational capability in modeling the response of energetic materials systems exposed to extreme
thermal environments, such as fires. We consider an idealized model process for a confined explosive
involving the transition from slow heating to rapid deflagration in which the time scale changes from days
to hundreds of microseconds. The heating stage involves thermal expansion and decomposition according
to an Arrhenius kinetics model while a pressure-dependent burn model is employed during the explosive
phase. We describe and demonstrate the numerical strategies employed to make the transition from slow to

fast dynamics.

INTRODUCTION

In the DoD and DOE communities, computational
models are being employed to an increasing extent
to analyze the performance and safety of weapons
systems. Hydrocodes have been used successfully to
model the high frequency behavior in shocks and det-
onations. The multi-time scale behavior encountered
in off-normal thermal (cookoff) events such as fires
provides additional modeling challenges. For exam-
ple, the Navy is interested in the behavior of muni-
tions in shipboard fires to help with the design of
storage systems and the development of fire fight-
ing procedures. In these fires, time scales for behav-
ior can range from days to microseconds. During the
relatively slow heating phase, the response of an en-
ergetic materials system is paced by thermal diffu-
sion and chemical decomposition while the mechan-
ical response is essentially a quasi-static process. As
the decomposition reactions accelerate, heat is gen-
erated faster than it can be removed. Product gases
are formed and the resulting pressure rises accelerate
the energetic and containment materials. The result-
ing violence can range from a pressure rupture to a
detonation.

The accurate modeling and simulation of cookoff
requires an understanding of the mechanical, ther-
mal, and chemical behavior during slow heating and
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the subsequent explosion [1, 2, 3]. The explosion
time and temperature have been successfully pre-
dicted using relatively simple thermal analysis codes
[4]. However, the prediction of reaction violence re-
quires detailed mechanical models throughout the
cookoff event. In particular, dynamic gaps and the
generation of thermal damage (porosity and cracks)
during slow heating are likely to be important fac-
tors. These processes are typically orders of mag-
nitude slower than those associated with the burn
phase. Thus, to model a slow cookoff event will re-
quire computational tools and models that can handle
a wide variety of physical processes and time scales.

In this paper, we describe how the cookoff of
high explosives is simulated with the arbitrarily
Lagrangian-Eulerian code [5], ALE3D. In particu-
lar, we discuss the numerical methodology to tran-
sition from slow to fast time scales. We apply our
modeling capability to a Scaled Thermal Explosion
Experiment (STEX) [6] and compare calculated and
measured curves for the wall strain during both the
heating and explosive phases of the test.
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FIGURE 1. Schematics of 1D and 2D STEX domains.

NUMERICAL MODELING OF THE STEX
EXPERIMENT

Fig. 1 shows one and two-dimensional modeling do-
mains for a STEX test involving PBXN-109 (64%
RDX, 20% Al, 16% DOA/HTPB). A wedge slice is
taken from the center line of the STEX system shown
in the right image. This one-dimensional wedge rep-
resents an axisymmetric section of the STEX system
in which variations occur only in the radial direction.
The boundaries at planes of constant 0 are rigid slip
surfaces. In the actual experiment [6], the HE, nom-
inally 5.08 cm diameter is encased in a 0.4 cm thick
steel cylinder. The 5% ullage by volume is located
at the outside radius of the HE in the 1D model. The
gaps are treated in two different ways in the 2D mod-
els. In Model 2Da, a 4% gap by volume is included
at the top end of the cylindrical charge, and a 1%
gap is used at the outside radius of the HE. In Model
2Db, a 5% gap is included at the top of the cylinder,
and there is no gap on the side. The cookoff sim-
ulation starts with an increase of the set-point tem-
perature at the steel surface at 5°C/h to 130°C, fol-
lowed by a hold for 5 h, and then an increase at a
rate of 1°C/h until cookoff. As the PBXN-109 is
heated, it thermally expands to fill in the gap. At
a temperature above 130 °C, exothermic decompo-
sition begins and eventually ignition occurs near the
midplane of the system. On a time scale of microsec-
onds, the propagation of flame through the PBXN-
109 causes the temperature and pressure to rise, and
ultimately causes a break in confinement. In the sim-
ulations, three different mesh resolutions (1X, 2X,
4X) are considered. In the base case (1X), there are

12 elements across the HE in the radial direction, and
in the fine mesh case there are 48 elements in this di-
rection. The air/HE interface is not tracked explicitly,
and zones with both air and HE have properties de-
termined by mixing rules.

The equations of mass, momentum, energy, and
chemistry are solved on the long time scale of the
heating phase and on the short time scale of the ther-
mal runaway phase in a single simulation. The mo-
mentum equation is integrated explicitly during both
the slow and fast phases. In order to provide com-
putationally feasible step sizes , the method of vari-
able mass scaling [7] is applied during the slow heat-
ing phase. The density is increased in the momen-
tum equation to reduce the sound speed and allow
larger step sizes consistent with the Courant condi-
tion. However, if the time step size and material den-
sity are too large, spurious fluctuations, characteris-
tic of a simple harmonic oscillator, appear. Thus, a
tradeoff is required between numerical efficiency and
accuracy. In practice, the time step size is fixed dur-
ing the slow heating phase with the density calcu-
lated from the Courant condition.

During the transition phase in which the decom-
position reactions are accelerating, the time step size
is reduced to meet error specifications for the cal-
culation of thermal and composition fields. At the
same time, the artificial density is reduced follow-
ing the Courant condition until the physical value is
obtained. When the HE reaches a user-specified tem-
perature, the Arrhenius kinetics expression are re-
placed by a burn model. A level-set method is used
in the modeling of the advancing burn front.

We use the Backward Euler method for the inte-
gration of the thermal equations and reaction kinetics
during the heating, and transition phases. During the
slow heating phase, the time step size is the value se-
lected for the integration of the hydrodynamic equa-
tions. A switch is made to an explicit method when
the time step size is a user-specified multiple of the
Courant time step size calculated with no mass scal-
ing.

ONE-DIMENSIONAL RESULTS
Calculated results for the wall hoop strain are shown

in Fig. 2 for the one-dimensional STEX test. For
comparison, the theoretical thermal expansion of an
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TABLE 1. Material properties used in the cookoff simu-
lation. Shown are the density (p), coef. of thermal expan-
sion (CTE), shear modulus (@), and yield strength (Y,)).

0 CTE u Y,

(g/lem® (°ChH (GPa) (GPa)
PBXN-109 1.67 12le-4 4.628e-3 0.06
Steel 4340 783 1.20e-5 77.0 1.03
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FIGURE 2. Simulated mechanical response of confined
explosive in a 1D STEX experiment.

empty steel vessel is shown in the same plot. Note
that these expansions are constrained to occur in the
r-direction alone and cannot be calculated from the
CTEs alone. As the temperature increases, the HE
thermally expands inside the steel vessel at a rate
approximately 10X greater than the steel vessel itself
(see Table 1). For t < 38 hours, the 1D STEX results
are in excellent agreement with the theoretical results
for the empty vessel. After this point, decomposition
gases pressurize the vessel, generating strain values
larger than the empty vessel values.

The reaction rate accelerates to the point where
where the expansion of the STEX system is taking
place on the scale of microseconds. During this ac-
celeration, the three-step kinetics [4] is replaced by
the burn model as discussed earlier and the calcula-
tion is continued to completion.
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FIGURE 3. Calculated mechanical response of confined
HE in a 2D STEX experiment.

TWO-DIMENSIONAL RESULTS

The two dimensional simulations add the influence
of variations in the z direction. This system is as-
sumed to be axisymmetric, and a cylindrical wedge
was selected for the calculation domain. In Fig. 3,
calculated wall hoop strains for the STEX system
are presented. As was done for the one-dimensional
case, the theoretical expansion of the empty steel
vessel is plotted together with the calculated strain
results. Shown are the hoop strains for Model 2Da on
meshes of three different resolutions. These results
are generally higher than the results for pure steel,
and show spurious oscillations from the method of
mass scaling used in the integration of the momen-
tum equation as described above. The results for the
three meshes appear to be approaching a converged
solution, but convergence has not yet been achieved.
The results for Model 2Da, should match the empty
vessel results until the 1% gap at the side of the HE
cylinder closes at # = 9.4 h and a strain of 0.056%.
It is seen that the Model 2Da curves are higher than
the empty vessel curve during this period, indicat-
ing that numerical errors of the scale 0.1% remain.
Although these absolute errors are small, the associ-
ated changes in HE pressure are large given the large
elastic modulus for steel.

A rapid expansion of the vessel wall follows the
slowing heating and ignition phases. In Fig. 4, wall
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FIGURE 4. Comparison of measured and calculated
hoop strains during a thermal runaway.

strain results for Model 2Db (no side gap) are com-
pared with the measured hoop strain results for the
STEX test. The model results compare favorably
with the measured results until + = 275 us. At this
time, the measured strain rate changes dramatically.
It is likely, that the gauge failed at this point.

Although the model provides a good representa-
tion of the measurements, mesh refinement results
need to be completed to establish the numerical ac-
curacy of the calculations. In addition, the gap at the
side of the HE needs to be added to provide a more
complete model.

CONCLUSIONS

Progress has been made towards the modeling of vi-
olence in slow cookoff using the ALE3D code. Nu-
merical procedures have been developed to model
the thermal, mechanical, and chemical behavior dur-
ing the slow heating, transition, and explosive phases
in a single simulation. In this paper attention is fo-
cused on the accuracy of mechanical results for the
simulation of a STEX test with PBXN-109. For
the heating phase, an explicit hydro scheme with
mass scaling provides numerically accurate results
for wall strains in one-dimension and approximate
results in two dimensions. For the rapid expansion,
the model provides a good representation of mea-

sured wall strains. However, a better treatment of
gaps is needed during the heating phase to confirm
the numerical accuracy of these model results. An
implicit hydro scheme with slide surfaces is being
developed to provide improved accuracy for cookoff
systems with gaps.
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